Nanophotocatalytic UV degradation system for organophosphorus pesticides in water samples and analysis by Kubista model  by Sharma, Amit Kumar et al.
Arabian Journal of Chemistry (2016) 9, S1755–S1764King Saud University
Arabian Journal of Chemistry
www.ksu.edu.sa
www.sciencedirect.comORIGINAL ARTICLENanophotocatalytic UV degradation system
for organophosphorus pesticides in water samples
and analysis by Kubista model* Corresponding author. Fax: +91 0565 2763364.
E-mail addresses: amit_vashishtha1980@rediffmail.com,
amit.db1980@gmail.com (A.K. Sharma).
Peer review under responsibility of King Saud University.
Production and hosting by Elsevier
http://dx.doi.org/10.1016/j.arabjc.2012.04.044
1878-5352 ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Amit Kumar Sharma *, Rajeev Kumar Tiwari, Mulayam Singh GaurDepartment of Physics, Pesticides Research and Sensors Laboratory, Hindustan College of Science and Technology, Farah,
Mathura 281 122, U.P., IndiaReceived 5 December 2011; accepted 27 April 2012
Available online 7 May 2012KEYWORDS
Nanophotocatalyst;
OP pesticides;
Photolysis;
Electrical energy efﬁciency;
Quantum yieldAbstract The photocatalytic degradation of organophosphorus pesticides like methyl parathion
(MP) and parathion (PA), under UV irradiation is studied using synthesized Zinc oxide (ZnO) nan-
ocatalyst. Two cases were considered for removal of organophosphorus (OP) pesticides such as only
UV (i.e. direct photolysis) and UV–ZnO nanocrystal. The Langmuir–Hinshelwood (L–H) relation-
ship between the initial rate and the initial concentration indicates that the reaction occurs with the
adsorbed substrate. Factors affecting the kinetics of the process such as quantum yield, electrical
energy per order (EEO), dosage of nanophotocatalyst and L–H model have been discussed. The opti-
mal conditions for degradation were obtained using 85 mg l1 ZnO, 40%O2 (v/v) with rate constants
L–H adsorption equilibrium constant (Kp = 0.127 for MP and 0.122 for PA) and rate constant of
surface reaction (Kc = 0.212 for MP and 0.204 for PA). The kinetics of disappearance of OP pesti-
cides (i.e. MP and PA) in water suspension using ZnO nanophotocatalyst illuminated at
k= 253.7 nm and examined. The quantum yield values for photodegradation of pesticides by pho-
tolysis and UV–ZnO process under the illumination of UV at 253.7 nm is calculated as 0.00072,
0.012 for MP; 0.00068 and 0.01 for PA. The EEO values for degradation of pesticide by photolysis
for UV–ZnO was found to be 20,006, 1392.4 kWh m3 for MP; 19,089 and 1387.2 kWh m3 for PA.
ª 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The photochemical reaction comprises a series of events start-
ing from the initial act of light absorption and ending in the
production of stable molecules generally different from the
reactant molecules. Recently, a computational model has been
reported on OP pesticide effects with different metabolic pro-
teins in human by Sharma et al. (2011). In general, light
sources, windows and actinometers for vacuum ultraviolet
photochemical studies of toxic pesticides are described (Ollis
S1756 A.K. Sharma et al.and Al-Ekabi, 1993; Stephen et al., 2000). The photocatalytic
transformation of the insecticide chlorpyrifos O,O-diethyl-O-
(3,5,6-trichloro-2-pyridinyl) phosphorothioate has been stud-
ied by Sulaiman Gafar Muhamad (2010). Time dependent
studies of atom or molecule or compound with concentrations
follow the decay of absorption intensity or resonance intensity.
Trace amount of pesticide may threaten human health remain-
ing in the environment. Different pathways of organophos-
phorus decomposition such as hydrolysis (Doong and
Chang, 1997), photolytic oxidation (Dannenberg and
Pehkonen, 1998) microbial transformations (Feed et al.,
1979) biological processes (Racke et al., 1992) have been re-
ported. The degradation of phosphorothioate and phosphoro-
dithioate subgroups of the OP pesticides, the thiophosphate
functionality (P = S) can be oxidized to its corresponding
oxon (P = O) (Pehkonen and Zhang, 2002). Efﬁcient photo-
degradation of different pesticides was obtained using high en-
ergy lasers working at different wavelengths (Cassano et al.,
1995; Chandrasekhar, 1960; Zhang and Pehkonen, 1999; Canle
et al., 2001; Salari et al., 2005; Trebse and Franko, 2002). An
alternative for the treatment of the waste water is electron
beam irradiation in combination with other conventional
treatment stages (Nicole et al., 1990; Pareek et al., 2001). This
combination has been reported to remove organic dyes, heavy
metals, phenols, environmental pollutants, etc. (Han et al.,
2002). In the electron beam process the organic materials react
with the radicals generated by water radiolysis and the degra-
dation products can be easily removed by conventional biolog-
ical or chemical treatment (Pikaev et al., 1997). The
application of exciter lasers as a light source of light different
chemical transformations, such as photo-polymerization and
crosslinking was reported particularly, because they produce
monochromatic radiation of high intensity. While nitrogen la-
ser, providing an emission line at 227 nm, the most frequent la-
sers in chemistry are the exciter laser (XeCl laser at 308 nm)
and the Nd: YAG laser (1060, 530, 355 nm) (Eleni et al.,
2007). In another way, spectroscopic methods are in general
simple, highly sensitive and very appropriate for the study of
chemical reactions in the solution. However, in different cases,
the peak band responses in the spectra have two or more com-
ponents overlap and the analysis is no longer forward. A com-
mon approach has been single-point measurements at a
wavelength where one compound dominates the spectral
response and the contributions from the other compound are
neglected by the use of chemometrics methods (Fouassier,
1989).
Spectral curve deconvolution or multivariate curve resolu-
tion methods are chemometrics, which concern with the pure
spectra of compounds involved in the reaction and its corre-
sponding concentration of compounds are classiﬁed into two
ways: modeling methods and self-modeling methods. Kankare
is the originator of the modeling method (Lopez et al., 2000,
2003; Primo et al., 2007), while other researchers have been
tried to develop this method (Gooijer and Mank, 1989; Lavine,
2000; Kankare, 1970). Self-modeling methods extract the con-
centration proﬁles without having any information about the
shape of the spectra. Several self-modeling approaches have
been developed by Lawton and Sylvestre (1971), among these
some are factor analysis based methods such as automated
spectral isolation (ASI), alternative least squares (Frans and
Harris, 1985), iterative target transformation factor analysis
(ITTFA) (Shrager, 1986). The degradation of organophospho-rous pesticides using TiO2 and ZnO photocatalysis have been
previously investigated (Lin and Liu, 1978; Diaz-Cruz et al.,
1999). However, no signiﬁcant effort has been made in evalu-
ating the photocatalytic efﬁciency of nanophotocatalyst on
organophosphorus pesticides degradation and the factors
affecting it with suitable combination of Kubista model.
Therefore, we are ﬁrst time reporting about the ability of
spectroscopic technique with Kubista model using ZnO
nanophotocatalyst and further the spectroscopic results are
validated by chromatographic techniques (i.e. HPLC). The
other studies were also performed like synthesis of ZnO nano-
catalyst, pH effect in water matrix, L–H analysis, evaluate
electrical energy per order and quantum yield for direct pho-
tolysis (UV degradation) and also with nanophotocatalyst
(UV–ZnO); investigation of the efﬁciency of photocatalytic
process in the water sample containing pesticides, and analysis
by UV–Vis spectroscopy coupled with Kubista model. Fur-
ther, the obtained results were validated by high performance
liquid chromatography. All these factors are necessary to pro-
vide an overall evaluation of the efﬁciency of the UV degrada-
tion using ZnO nanophotocatalyst.2. Experimental
2.1. Apparatus and reagents
Methyl parathion and Parathion (99.9%, purchased from Sig-
ma–Aldrich, Germany) were prepared in methanol. The other
regents such as methanol, zinc sulfate and sodium hydroxide
are supplied by Merck, India. UV–Vis spectra of all samples
were recorded by Hitachi U-2800 double beam spectropho-
tometer equipped with 10 mm quartz cells. The UV-solution
2.1 software was used to collect the absorbance data of the
solution into a spreadsheet. A Shimadzu HPLC with diode
x · y array solvent delivery system controller (LC-10; C18 col-
umn) was used for all photodegradation residue analysis.
2.2. Kubista model
In the spectral data, a series of observations were taken with
time domain UV-light source (30 W lamp) with the time inter-
val of 10 min. The collected data were presented in a data ma-
trix (M) with dimension, x being the number of data points per
spectrum and y being the number of spectra collected at vari-
ous reaction time intervals. The recorded absorbance at a
wavelength is assumed to be the sum of contributions of all
coefﬁcients:
mjðkÞ ¼
Xk
i¼1
SiðkÞCijðj ¼ 1; nÞ ð1Þ
where k is the absorbing components in the reaction system,
mjðkÞ is the spectrum of organophosphorus pesticide sample
j, Cij is the concentration of coefﬁcient i in sample j and n is
the number of irradiated samples of organophosphorus com-
pound. Since the Eq. (1) can be written in a matrix form as
M= x · y, where A is a x · k matrix of the molar absorbance
and B is a k · y matrix containing concentration of samples.
To carry out the curve resolution procedure on the data matrix
M, the number of coefﬁcients (k) present in the system is esti-
mated by factor analysis (Gemperline, 1986 and Malinowski,
Nanophotocatalytic UV degradation system S17571991). The data matrix was decomposed to row and column
matrices by singular value decomposition (SVD).
M ¼ RC ð2Þ
where R contains the orthonormal eigen vectors spanning the
row space of original data matrix and C spans the column
space. A 2 · 2 transformation matrix (T) and its transpose
(T1) are introduced to transform the matrices R and C into
the real matrices x and y:
M ¼ ðRTÞðT1CÞ ¼ x y ð3Þ
T ¼ t1 t3
t2 t4
 
and T1 ¼ 1
t4t2t3
t4 t3
t2 t1
  ð4Þ
where T is unknown while R and C are known from the SVD
analysis. The coefﬁcients of the T matrix can be determined by
TFA (target factor analysis) method as suggested by Lin and
Liu (1978).
x ¼ ½ x1 x2 ¼ R
t1 t3
t2 t4
 
¼ R t1
t2
 
þ R t3
t4
 
ð5Þ
x1 ¼ R
t1
t2
 
and x2 ¼ R
t3
t4
 
ð6Þ
x1 and x2 are the pure spectra of OP pesticides and its irradi-
ation product respectively. By the known spectrum of OP pes-
ticides, we can calculate t1 and t2 with pseudo inverse of the
matrix R. But the irradiation product is unknown, so we can
not calculate t3 and t4 by this method. For this, the sum of con-
centrations of the two coefﬁcients during the reaction is a con-
stant in the reaction matrix (Ct = C1 + C2), since t3 and t4 can
be calculated by:
y ¼ ½ y1 y2  ¼ T1C ð7Þ
Using Eqs. (4) and (7), we can calculate the concentration of
irradiated OP pesticide. However, there is some ambiguity in
the derived results, where, negative values are meaningless.
To reduce this rational ambiguity, ITTFA method combined
with non-negativity and closure constraints was used. There-
fore, to consider zeroing the negative values, a new transfor-
mation matrix is obtained as:
T ¼ Rþx ð8Þ
where R+ is the pseudo inverse of the matrix R, then Eqs. (7)
and (8) can be written as:
x ¼Myþ ð9Þ
To calculate T, x and y matrices, it was repeated iteratively un-
til reaching to convergence. The degree of convergence wasTable 1 Pesticide conversion at 60 min and rate constant in photoc
(Concentration of pesticide in mg ml1) Methyl parathion (MP)
Rate constant k
14 0.874 0.0
20 0.647 0.0
25 0.424 0.0
30 0.369 0.0
40 0.274 0.0determined by two methods; ﬁrstly, a comparison of calculated
T matrix at each iteration step with that calculated at the pre-
vious iteration step and secondly, the difference between the
experimental M matrix and the calculated M matrix using x
and y matrices.
2.3. Solid phase extraction procedure for OP pesticides in water
The wastewater samples (500 ml) were collected from pesticide
industry from Nunhai, Agra (India). All samples were stored
in a refrigerator until required. The extraction of OP pesticides
from wastewater samples can be isolated, concentrated, and
puriﬁed. Preconditioning was performed with 2 ml of metha-
nol followed by 2 ml of puriﬁed water. Then, 100 ml aliquots
of solution were passed through the SPE cartridges (the ﬂow
rate was about 2 ml min1) and ﬁnally the retained analytes
were eluted with methanol. The organic solution was collected
in a 4 ml pre-weighed vial. To this solution, different concen-
trations; 14, 20, 25, 30 and 40 mg ml1 of OP pesticides (MP
and PA) prepared from 100 mg ml1 stock solution (used as
an internal standard for HPLC analyses) were added. The
samples were then analyzed by HPLC (elution with methanol).
The extraction yield and the reproducibility have been deter-
mined in the range of 14–40 lg ml1 (this corresponds to a
concentration range of MP and PA). The results of percentage
recovery from this method and its comparisons with Kubista
model is presented in Table 1. Recoveries higher than 72%
were obtained for OP pesticides. The mean recovery percent-
age is obtained using a ﬁxed concentration (40 lg m1), how-
ever, it was signiﬁcantly different from the value obtained
using a set of solutions (range of 14 and 40 lg ml1). The ﬁrst
set of HPLC values was generally slightly higher than Kubista.
The ﬂow rate of the aqueous solution elution should have been
optimized for each concentration and this may be the reason
for the existence of the observed differences. The set of recov-
ery yields is obtained in the range of 14 and 40 lg ml1.
2.4. Preparation of ZnO nanoparticles
ZnO nanocatalyst was prepared using the precipitationmethod.
The ZnSO4Æ7H2O was used as the starting material and NaOH
as precipitant without further puriﬁcation. The resulting slurry
was continuously stirred for 12 h, and then washed with deion-
ized water. The wet powder was dried to form the precursor of
ZnO. Finally, the precursor was calcined in air at a certain tem-
perature to produce the nanosizedZnOphotocatalyst. The aver-
age crystallite or particle size (D in nm) of prepared ZnO
nanocrystal was determined by XRD pattern using Debye–
Scherrer equation is shown in Fig. 1. The average particle sizes
of prepared ZnO are about 35.9 nm (Agarwal et al., 2006).atalytic experiments with different initial concentration.
Parathion (PA)
r2 Rate constant k r2
28 0.989 0.878 0.026 0.988
218 0.992 0.659 0.0228 0.992
116 0.993 0.413 0.0126 0.993
098 0.992 0.359 0.0089 0.992
072 0.996 0.264 0.0068 0.993
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Figure 2 Effect of ZnO nanophotocatalyst on degradation rate
(R) of OP pesticides (i.e. MP and PA) in the presence of UV light.
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Figure 1 XRD spectra of ZnO nanocatalyst.
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bCosh
ð10Þ
where D is the particle size, k is the wavelength of X-ray
source, b is the FWHM of the peak in XRD-pattern and h is
the scattered angle of the crystallinity. The effect of size on
the photodegradation efﬁciency can be ascribed in two follow-
ing reasons: (i) the amount of the dispersion of particles per
unit volume in the solution will increase, (ii) the resulting
enhancement of the photon absorbance at the same time will
increase with the surface area of ZnO nanocatalyst, this will
extend the adsorption of maximum pesticide molecules on
the surface.
2.5. Procedure for degradation assay
For the photodegradation study of pesticides, a solution con-
taining known concentration of the each pesticide and ZnO
nanocrystal (size 35.9 nm) was used. It was allowed to equil-
ibrate for 35 min in the darkness, and then 50 ml of the pre-
pared suspension was transferred to a 500 ml Pyrex reactor.
Then, the lamp was switched on to initiate the photoreaction.
Initially, 15 min was taken to heat the UV lamp before placed
the matrix of the sample. To protect external light, irradia-
tion was conducted inside a dark room chamber with UV-
source. The light intensity on the surface of pesticide sample
was adjusted to 1.0 mW cm2. During the irradiation the
glass reactor mounted on a magnetic stirrer to keep the sus-
pension homogeneous and the suspension was sampled after
an appropriate illumination time. The reaction mixtures were
kept at the temperature 30 C. Now, to determine the concen-
tration of pesticide, the samples were ﬁltered through disks to
remove ZnO nanocrystal. The concentration of the OP pesti-
cide in each degraded sample in various illumination time
was determined using UV–Vis spectrophotometer at
kmax = 395 nm for MP and at kmax = 352 nm for PA. The
UV–Vis absorbance spectra of OP pesticide (240–430 nm)
were recorded in 10 min intervals up to 300 min. At room
temperature (27 ± 3 C), the absorbance data were recorded
in 0.5 nm intervals and the data were collected in a data ma-
trix (M). This data matrix was referred to the multivariate
curve resolution analysis and reaction rate constants were
also calculated.A Shimadzu HPLC with diode array solvent delivery sys-
tem controller (LC-10; C18 column) was used for all residue
analysis of irradiate samples of each insecticide. The injection
volume was taken 20 ll, ﬂow rate 1.0 ml min1 and mobile
phase 60:40 (acetonitrile/distilled water). To operate HPLC
system, Class-VP software is used for data processing. The
pH of the samples was adjusted by adding a dilute NaOH
and measured by using pH meter.3. Results and discussion
3.1. Effect of ZnO nanoparticles dosage
The addition of ZnO nanoparticles in photocatalytic system
enhances the reaction rate and acts as catalyst. It is attributed
to the entrapment of the photogenerated electron, thus it pre-
vents the recombination between electrons and holes. For deg-
radation of OP pesticides in the wastewater, it is necessary to
determine the optimum amount of catalyst for the highly efﬁ-
cient degradation. The correlation between the photodegrada-
tion efﬁciency and the concentration of ZnO is shown in Fig. 2.
It is observed that when the concentration of the nanophoto-
catalyst increases from 20 mg l1 to 160 mg l1 at the constant
illumination time of 60 min. The rate of degradation was cal-
culated 0.41–0.71 for MP and 0.38–0.69 for PA. Further, as
we increase the concentration of nanophotocatalyst beyond
160 mg l1, no signiﬁcant changes were observed in degrada-
tion. Therefore, the dosage value for which the maximum deg-
radation rate is reached. It indicates an optimal absorption of
efﬁcient photons in the UV. Above this value, the scattering
phenomena appear and the generation of ZnO(ecb+ hvb+)
pairs on the surface of the catalyst loses efﬁcacy that leads to
decrease in the degradation rate (Hoffman et al., 1995). An in-
crease in the dosage of nanocatalyst has two different contri-
butions for the photodegradation. Firstly, it makes available
a higher number of the nanocatalyst. Secondly, the amount
of light dispersed by the nanocatalyst is higher. The optimal
conditions for OP pesticides degradation under UV irradiation
were obtained as 85 mg l1.
3.2. Efﬁciency of nanophotocatalyst
The OP pesticides concentration versus irradiation time proﬁle
during the photolysis of MP and PA is described. The photo-
degradation of OP pesticides was negligible in the absence of
ZnO nanocatalyst for the same environmental conditions.
The degradation of pesticides was found less than 9 ± 2% in
0.9
1
pH = 3.6
a
Nanophotocatalytic UV degradation system S1759case of direct photolysis that revealed the observed higher
decomposition in the UV–ZnO process is due to nanophoto-
catalytic reaction. It is very clear from Fig. 3a,b that was stud-
ied in the presence of UV–ZnO, UV and ZnO pathways. It can
also be seen that the 80% removal of the pesticides were ob-
served in 100 min, approximately.
ZnOþ hv! ZnOðecb þ hvbþÞ ð11Þ
hvþ þ pesticides! Oxidation of pesticides ð12Þ
hvbþH2O! Hþ þOH ð13Þ
hvbþOH ! OH ð14Þ
ecb þO2 ! O2 ð15Þ
O2 þ pesticieds! organic peroxides ð16Þ
O2 þHO2 þHþ ! H2O2 þO2 ð17Þ
OH þ organic peroxides! Degradation of pesticides ð18Þ
The results of this experiment show that the effective degrada-
tion of OP pesticides has taken place in the presence of UV
light and ZnO nanoparticles due to photoexcitation of OP pes-
ticides followed by the formation of an electron–hole
(ZnO(ecb- + hvb+)) pair on the surface of catalyst (Eq.
(11)). Since ZnO is a UV sensitive semiconductor and permits
the direct oxidation of pesticide to reactive intermediate due to
high oxidative potential of hole (Eq. (12)). The formation of
free radicals (i.e. hydroxyl radicals) in photocatalytic system
is ascribed according to Eq. (13). The free radicals are respon-
sible for degradation of OP pesticides due to their strong non-
selective behavior. Electrons in the conduction band ðecbÞ on
the nanocatalyst surface can reduce molecular oxygen to
superoxide anion (Eq. (15)). This radical, in the presence of or-
ganic scavengers, may form organic peroxides (Eq. (16)) or
hydrogen peroxide (Eq. (17)). The electrons in the conduction
band are also responsible for the production of hydroxyl0
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Figure 3 Efﬁciency of degradation rate (R) on (a) MP and (b)
PA in the presence of UV, UV–ZnO and ZnO.radicals, which have been indicated as the primary cause of or-
ganic matter mineralization (Danehvar et al., 2007). For
hypotheses of photodegradation with nanocatalyst, oxygen
acts as ecb acceptor and reduces the recombination of photo-
generated surface electrons with holes, further that improves
the efﬁciency of the photocatalytic process. O2 adsorbs onto
ZnO from the liquid phase where its concentration follows
Henery’s law. If oxygen is continuously received then its con-
centration at the surface of ZnO can be assumed constant and
therefore, integrated into the apparent rate constant. The fact
that this amount of O2 remains adsorbed after deaeration, sug-
gests a chemisorption process, which is in good agreement with
Langmuir isotherm hypotheses.
3.3. pH effect
The effect of pH is an interesting variable to evaluate the aque-
ous phase mediated photocatalytic reactions. To study the
suitable correlation at a certain pH, all experimental condi-
tions were kept constant with varying in pH from 3.6 to 10.5
and results are shown in Fig. 4a,b. In acidic medium (pH at
3.6–6.7), these pesticides show the less rate of degradation.
Since the pH of ZnO with sample matrix is taken as 9.2, be-
cause the surface of the catalyst is positive below at pH 9.2.
Therefore, the results in electrostatic attraction between the
nanophotocatalyst and pesticides will present the high rate of
degradation. But, the electrostatic argument is found very less
and shows the concomitant effect. The dissociation constant
(pKa) for MP and PA is 6.83 and 5.21, therefore, MP and0.1
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Figure 4 Effect of pH on water samples at different irradiation
time intervals, (a) MP, and (b) PA.
S1760 A.K. Sharma et al.PA are negatively charged above pH 9.0 that might result in
electrostatic attraction between the nanocatalyst and pesticides
that will increase both adsorption and the degree of photodeg-
radation. It is well known that the ZnO can undergo photocor-
rosion through self-oxidation, is shown in chemical equations
and it has the exhibit tendency to dissolve with decreasing the
pH. At high alkaline medium, ZnO can undergo dissolution as
reported in the literature.
ZnOþ 2hvb ! Zn2þ þ 1=2 O2 ð19Þ
ZnOþ 2Hþ ! Zn2þ þH2O ð20Þ3.4. Effect of water matrix
To investigate the efﬁciency of UV–ZnO model for removal of
pesticides into the water, a 25 ppm of each pesticide was added
into the water sample. The primary data of water are carbon-
ate ðCO23 Þ hardness 86 mg l1 and sulfate ðSO24 Þ concentra-
tion 168.8 mg l1. The effect of presence of common anions
such as sulfate, carbonate and bicarbonate on the photocata-
lytic degradation of pesticides is shown in Fig. 5a,b. It is ob-
served that the rate of degradation decreases in the presence
of anions. This inhibition may be hydroxyl radicals (Legrini
et al., 1993).
SO24 þ OH ! SO4 þOH ð21Þ
HCO23 þ OH! CO3 þH2O ð22Þ
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Figure 5 Effect of photocatalytic degradation of pesticides in
real water and distill water at pH 9.2, (a) MP and (b) PA.These anions may stop the active sites on the ZnO surface in
intermediate photodegradation process. Although, the gener-
ated anions give an oxidant itself, but its oxidation potential
is less than for the hydroxyl radicals.
3.5. Kinetics of photocatalytic degradation of pesticides
The photocatalytic degradation of pesticides with nanophoto-
catalyst follows the pseudo-ﬁrst order kinetics at low initial
pesticide concentration and the rate of expression is:
ln
C
C0
 
¼ kt ð24Þ
where k is the pseudo-ﬁrst order rate constant, Co and C are
the pesticide concentrations at time t= 0 min and t= t min,
respectively. Table 1 represents the values of k that was calcu-
lated from the plot of ln½ C
C0
 versus irradiation time t for pho-
tocatalytic degradation of pesticides. It can be ascribed to
the decrease in the number of active sites on the catalyst sur-
face due to the presence of pesticide molecules. The authors
have used the modiﬁed L–H kinetic model that presents the so-
lid–liquid interfaces (Bolton et al., 2001). The effect of initial
concentration of organic substrate on the initial degradation
rate (r) is given as:
r ¼ KpKc½C
1þ Kp½C0 ¼ k½C ð25Þ
1
k
¼ 1
KpKc
þ ½C0
Kc
ð26Þ
where Kp and Kc are the L–H adsorption equilibrium constant
and the rate constant of surface reaction, respectively. At the
lower concentrations up to 40 mg l1, the L–H equation for
the photocatalytic degradation is conﬁrmed by the linear plot
between the rate constant (1/k) and initial concentration [Co],
is shown in Fig. 6 and Table 1. The values are Kp =
0.127 mg l1 and Kc = 0.212 for MP and Kp = 0.122 mg l
1
and Kc = 0.204 for PA, respectively. In view of these results,
a fundamental assumption of the L–H mechanism is discussed.
The reduction transformation of MP and PA in the absence of
oxygen is much less efﬁcient. To explain this, ﬁrstly, the reduc-
ing power of the electrons in the conduction band is signiﬁ-
cantly lower than the oxidizing power of the holes in valence
band. Secondly, the most reducible substances do not compete
kinetically with oxygen in trapping photogenerated conduction
band electrons.Figure 6 Determination of the adsorption equilibrium constant
(Kp) and the kinetic rate constant of the surface (Kc) for the
Langmuir–Hinshelwood.
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Figure 7 Quantitative analysis of (a) MP and (b) PA by UV–Vis
spectrophotometer using Kubista model at the wavelength interval
of 10 nm.
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UV–ZnO nanocatalytic process is electric intensive process,
and electric energy can represent a major fraction of the
operating costs, simple ﬁgure-of-merits based on electric en-
ergy consumption can be very useful and informative in
terms of selecting a waste treatment technology, including
economy of scale, regulations, efﬂuent quality aims, opera-
tion, and robustness. All these factors are important to de-
sign a photoreaction process. The electrical energy per
order (EEO) is deﬁned as the number of kilowatt hours of
electrical energy required to reduce the concentration of a
pollutant in water by 1 order of magnitude in a unit volume
of pollutant sample. The EEO (kWh m
3 order) could be
evaluated from the following equation for a batch type reac-
tor. The EEO (kWh m
3/order) can be calculated from the
batch type reactor as:
EEo ¼ 1000Pt
60V
log
C
C0
 
ð27Þ
where P is the input power (kW) to the AOP system, t is the
irradiation time (min), V is the volume of water (in liter) in
the reactor, Co and C are the initial and ﬁnal concentrations
of OP pesticides (Daneshvar et al., 2005; Choy and Chu,
2007).
The EEO values for degradation of pesticide by photolysis
of UV–ZnO (35.9 nm) calculated using Eq. (12) are 20,006,
1392.4 kWh m3 for MP and 19,089, 1387.2 kWh m3 for
PA, respectively. The EEO values present the electrical efﬁ-
ciency in the photocatalysis process which is better than pho-
tolysis model. It also presents that the photocatalysis process
in the presence of ZnO nanocatalyst offered the best energy
efﬁciency for the photodegradation of MP and PA.
3.7. Quantum yield
It is deﬁned as the number of molecules being decomposed per
photon absorbed. The average photodegradation rate of pesti-
cides concentration C is calculated from the observed ﬁrst-or-
der degradation rate constant where a speciﬁc form of
quantum yield based on ﬁrst-order kinetics is indicated as:
ln
½C
½C0
 
k
¼ 2:303/kI0keCkbt ð28Þ
where [C0] is the initial concentration of pesticide, ½C is the
concentration of pesticide at time t, /k is the photodegradation
quantum yield and I0k (Einstein I
1s1) is the incident light
intensity, eCk (cm
1M1) is the molar absorptivity at a certain
wavelength and b is the optical path length (in cm) (Kuhn
et al., 2004; Choy and Chu, 2007; ; Romero et al., 1997;
Spadoni et al., 1978). Thus, /k can be easily obtained from a
plot of ln ½C½C0 
 
k
on time provided, eCk and I0k are known.
The quantum yield values for photodegradation of pesti-
cides by direct photolysis and UV–ZnO process under the illu-
mination of UV at 253.7 nm is calculated as 0.00072, 0.012 for
MP and 0.00068, 0.01 for PA. It is clear from observed values
that the ZnO-quantum yield is higher than direct photolysis. It
means that the photodecay of MP and PA is highly dominated
by ZnO nanocrystal as compared to direct photolysis.3.8. HPLC analysis
The peak area of HPLC chromatograph was calculated before
and after the irradiation process. These data provides a series
of conﬁrmative results as a standard chromatographic tech-
nique for quantitative analysis of pesticides. The HPLC anal-
ysis begins with injection of the sample into the instrument
with a syringe. The extracted sample of highly toxic pesticide
from waste water is ﬁrst vaporized at high temperature (200–
350 C) in the injection port and then forced onto the separat-
ing column by a carrier gas. The carrier gas serves as the mo-
bile phase for this chromatographic separation. The stationary
phase is a very thin layer of a polymeric material that was
coated inside the column. A range of polymer coatings with
varying polarities are available and a correct coating must be
chosen for successful analysis.
3.9. UV–Vis spectrometry coupled with Kubista model
The irradiation of OP pesticide is studied in different ways
with chromatographic methods but they have no sufﬁcient
data to understand kinetics of reaction mechanism. In present
Table 2 A comparative data for analysis of OP pesticides between UV–Vis coupled with Kubista model and HPLC techniques.
OP pesticides Concentration of
OP pesticides in lg ml1
Kubista model HPLC
Recovery
(1.5 ± SD)a
Recovery
(2.5 ± SD)b
% ±0.5
RSD
Recovery
(1.5 ± SD)a
Recovery
(2.5 ± SD)b
%± 0.5
RSD
MP 14 93.8 ± 2 93.8 ± 3 2 98.2 ± 3 98.2 ± 4 5
20 92.8 ± 5 92.8 ± 4 4 93.4 ± 5 97.4 ± 8 3
25 93.0 ± 1 93.0 ± 2 5 91.5 ± 9 98.5 ± 6 6
30 92.4 ± 6 92.4 ± 5 6 94.4 ± 12 97.4 ± 4 4
40 91.3 ± 3 91.3 ± 4 3 93.2 ± 8 98.2 ± 5 3
PA 14 94.4 ± 5 94.4 ± 2 3 98.2 ± 4 98.2 ± 3 6
20 93.2 ± 4 93.2 ± 5 2 93.4 ± 7 97.4 ± 4 3
25 93.6 ± 2 93.6 ± 6 4 92.5 ± 9 98.5 ± 6 3
30 92.9 ± 3 92.9 ± 5 5 93.4 ± 8 98.4 ± 5 2
40 92.8 ± 5 92.8 ± 7 2 93.2 ± 7 99.2 ± 9 4
c Relative standard deviation estimated using a signal-to-noise ratio of 5.
a Mean value and SD obtained with eight extractions of aqueous solution (40 lg ml1).
b Mean value and SD obtained with a set of solutions containing eight concentrations range 14–40 lg ml1).
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tion method for study of OP pesticide using nanophotocata-
lyst. We found that the chromatographic methods were not
sufﬁcient for studying the kinetics of such reaction. In this
study, we applied Kubista model for kinetics of photoinduced
reaction. The reaction rate constant can be evaluated directly
from the resulting concentration–time proﬁles by ﬁtting the
ﬁrst segment to a linear model and second segment to an expo-
nential model. The pure absorbance spectra of the components
and their corresponding concentration proﬁles were deter-
mined by the Kubista method (target transformation factor
analysis). The resolved spectra for each pesticide similar to that
obtained experimentally, are shown in Fig. 7a,b. Therefore, the
data are written in Matlab and calculated the effective param-
eters. The equation obtained for the linear (Cf) and exponen-
tial segments (Cs) which are calculated using Eqs. (6)–(9) for
MP and PA is:
for MP; Cf= 1.116(±0.001) · 104  2.39(±0.13) · 109t;
r2 = 0.987;
Cs = 1.102(±0.002) · 104 exp (5.22(±0.08) · 105t);
r2 = 0.984
for PA; Cf = 1.116(±0.001) · 104  2.39(±0.13) · 109t;
r2 = 0.987
Cs = 1.102(±0.002) · 104 exp (5.22(±0.08) · 105t);
r2 = 0.984
The linear (Cf) and exponential segments (Cs) showed that
there are two chemical compounds that take part in the reac-
tion system in which one of them is parent pesticides and an-
other one is the photodecomposition product of the parent
pesticides. The concentration of the pesticides in each de-
graded sample in various illumination time was determined
by UV–Vis spectrophotometer at kmax = 395 nm for MP and
at kmax = 352 nm for PA. The applied process is suitable for
the removal of OP pesticides using UV–ZnO nanocatalyst.
The removal technique for OP pesticides was achieved at cer-
tain experimental conditions. In most cases, p-nitrophenol and
esters were obtained during degradation of OP pesticides and
can be veriﬁed with UV–Vis peak at 279 nm. Therefore, the re-
sults calculated by UV–Vis spectroscopy coupled with Kubistamodel that was further validated by HPLC data with ±2.5%
error, are presented in Table 2. These ﬁndings demonstrate
that the oxidative reactivity with different members in a spe-
ciﬁc class of pesticides can vary signiﬁcantly due to chemical
structure variations.4. Conclusion
The optimal conditions for MP and PA degradation under UV
irradiation were obtained using ZnO nanocatalyst at
85 mg l1, required oxygen demand of 40% with rate constants
L–H adsorption equilibrium constant (Kp = 0.127 for MP and
0.122 for PA) and rate constant of surface reaction
(Kc = 0.212 for MP and 0.204 for PA). Under such conditions,
a 93 ± 2.5% degradation of MP and PA was achieved. It also
proves more efﬁcient photonanocatalyst for the oxidation and
decomposition of the pesticides proceeded at higher reaction
rates. The photodegradation of MP and PA has several merits
such as: (i) in the presence of ZnO nanoparticles or UV light
the degradation of pesticides is negligible, (ii) the rate of deg-
radation of pesticides is affected by the illumination time,
pH and photocatalyst loading, (iii) The electrical energy con-
sumption per order of magnitude for photocatalytic degrada-
tion of pesticides is found to be less than direct photolysis,
(iv) The ZnO nanoparticles offer the highest quantum yield
than direct photolysis and (v) The kinetics of photocatalytic
has also showed a good response for removal of OP pesticides
(MP and PA) by L–H model. The multivariate curve resolu-
tion method is based on the combination of Kubista approach
and iterative target transformation method was applied to
study the kinetics of OP pesticides. In this method, we found
that the kinetic proﬁle of the degradation of OP pesticides pos-
sesses two regions. The ﬁrst region is linear with time which
conﬁrms a zero order kinetic and the second region showed
a ﬁrst-order kinetic pathway that followed the two products
in which one is remaining part (11.2%) of parent OP pesti-
cides concentration and another one is photodecomposition
product of parent OP pesticides in the reaction system. A de-
tailed discussion of nanocatalyst operation for photodegrada-
tion process was also concluded.
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